Macrophages play a key role in responding to pathogens and initiate an inflammatory response to combat microbe multiplication. Deactivation of macrophages facilitates resolution of the inflammatory response. Deactivated macrophages are characterized by an immunosuppressive phenotype, but the lack of unique markers that can reliably identify these cells explains the poorly defined biological role of this macrophage subset. We identified lipocalin 2 (LCN2) as both a marker of deactivated macrophages and a macrophage deactivator. We show that LCN2 attenuated the early inflammatory response and impaired bacterial clearance, leading to impaired survival of mice suffering from pneumococcal pneumonia. LCN2 induced IL-10 formation by macrophages, skewing macrophage polarization in a STAT3-dependent manner. Pulmonary LCN2 levels were tremendously elevated during bacterial pneumonia in humans, and high LCN2 levels were indicative of a detrimental outcome from pneumonia with Gram-positive bacteria. Our data emphasize the importance of macrophage deactivation for the outcome of pneumococcal infections and highlight the role of LCN2 and IL-10 as determinants of macrophage performance in the respiratory tract.
Introduction
Macrophages are innate immune cells involved in the maintenance of tissue homeostasis and in the pathogenesis of diverse conditions such as metabolic, allergic, fibrotic, autoimmune, and neoplastic diseases (1). Macrophages are well known to play decisive roles during infections, as they express a number of pattern recognition receptors that enable them to sense pathogens (2) . In doing so, macrophages initiate an inflammatory response to combat microbe multiplication, which is followed by a deactivation process that facilitates the resolution of inflammation after microbial elimination. The basis for these pleiotropic functions of macrophages is their enormous phenotypic and functional plasticity, also referred to as "macrophage polarization."
Bacterial pneumonia is an excellent model to study the poorly understood plasticity of macrophages in vivo, where macrophages must rapidly adjust to an environment of constantly changing stimuli (3) . In the setting of the clinically important model of pneumococcal pneumonia, it is well established that an initial proinflammatory response facilitates the clearance of pathogens and that the subsequent antiinflammatory response limits tissue damage by phagocytosis of apoptotic neutrophils and cell debris (4) (5) (6) (7) . Pulmonary macrophages are importantly involved in shaping the inflammatory response upon infection, although the precise pathways that govern these steps in vivo are incompletely understood.
In vitro, macrophages polarize to proinflammatory, classically activated M1 macrophages in the presence of IFN-γ and LPS, and to alternatively activated, antiinflammatory M2 macrophages in the presence of IL-4 and/or IL-13 (2, 8, 9) . The field of macrophage polarization has expanded substantially over the past years, further reflecting the importance and relevance of different macrophage populations. As such, further characterizations of alternative phenotypes resulted in the discovery of novel subsets, such as regulatory, deactivated, and tumor-associated macrophages (2, (9) (10) (11) . Deactivated macrophages constitute a remarkably heterogeneous group that arises upon stimulation with TLR ligands in combination with glucocorticoids, IL-10, apoptotic cells (ACs), or prostaglandins (2, 9) . Deactivated macrophages are characterized by the downregulation of proinflammatory mediators and the upregulation of antiinflammatory cytokines such as IL-10 (10). While macrophage activation has been studied extensively over the past years, the process of macrophage deactivation is less well understood.
Lipocalin 2 (LCN2) (12, 13) , also known as neutrophil gelatinase-associated lipocalin, is a mammalian protein expressed by myeloid and epithelial cells in response to TLR activation during infections (14, 15) . LCN2 is mainly known as an antimicrobial defense mediator that scavenges a subset of bacterial siderophores, thereby restricting iron acquisition by bacteria such as Escherichia coli (14, 16) , Salmonella typhimurium (17) , Klebsiella pneumoniae (15) , or mycobacteria (18) . However, Streptococcus pneumoniae, the most prevalent respiratory pathogen, does not depend on siderophores for iron acquisition (19) . We and others (20) found that S. pneumoniae induced remarkably high LCN2 levels in the respiratory tract. This finding alerted us to the possibility of a siderophore-independent role of LCN2 within the pulmonary compartment. Upon analysis of the published LCN2 promoter (21) we noticed NF-κB binding sites, but also glucocorticoid response elements and several binding sites for transcription factors critically involved in the polarization of M2 macrophages (22) , such as STAT3, CREB, and C/EBPβ. Considering that LCN2 may modu-late inflammation (23, 24) , we hypothesized that LCN2 can play a role in macrophage polarization and thereby affect the host defense against pathogens such as S. pneumoniae.
Results

LCN2 is highly expressed in deactivated macrophages.
To first determine whether LCN2 expression depends on the macrophage polarization status, we treated primary alveolar macrophages (AMs) with classically activating M1 (LPS and IFN-γ), alternatively activating M2 (IL-4 and IL-13), or deactivating (LPS and dexamethasone) stimuli and quantified LCN2 secretion. These stimuli were specific, as the stable end product of nitric oxide, nitrite, was only detectable in supernatants of M1-stimulated cells (25) , and expression of mannose receptor, C type 1 (Mrc1) (8) , was exclusively induced in M2-polarized macrophages ( Figure 1A ). Interestingly, LCN2 was tremendously upregulated upon deactivation with LPS and dexamethasone (Figure 1A) . We confirmed these observations using the AM cell line MH-S (Supplemental Figure 1A ; supplemental material available online with this article; doi: 10.1172/JCI67911DS1). To test whether LCN2 induction is restricted to glucocorticoid-induced responses or represents a general phenomenon of deactivated macrophages, we treated primary AMs with LPS or S. pneumoniae together with the deactivating stimuli dexamethasone, IL-10, or ACs. The addition of either dexamethasone or IL-10 markedly enhanced the LCN2 release by AMs ( Figure 1B ) while at the same time decreasing the release of the proinflammatory mediator keratinocyte-derived chemokine (KC) ( Figure 1C ). ACs solely inhibited the proinflammatory KC response upon S. pneumoniae stimulation ( Figure 1C ) but did not affect LCN2 secretion ( Figure 1B) . We next sought to determine whether LCN2 upregulation was an exclusive feature of deactivated AMs or whether this induction could be extended to other macrophage populations. We therefore repeated the above described experiments using bone marrow-derived macrophages (BMDMs). Dexamethasone enhanced LCN2 release by BMDMs similar to what we found in AMs, whereas IL-10 exerted no effects on LCN2 secretion by BMDMs (Supplemental Figure 1 , B and C). To investigate the deactivation of macrophages over time, we polarized BMDMs for 1, 6, and 16 hours and assessed the induction of LCN2 and IL-10, the latter being an established marker for deactivated macrophages (10) . This time course showed that IL-10 induction preceded LCN2 releases upon dexamethasone-mediated deactivation of macrophages (Figure 1, D and E) . Together, these results indicate that high LCN2 induction is a feature of dexamethasone-deactivated macrophages and a robust marker of IL-10-polarized AMs.
Figure 1
LCN2 is highly expressed in deactivated macrophages. (A) Primary AMs were polarized with M1 (100 ng/ml LPS, 200 U/ml IFN-γ), M2 (10 ng/ml IL-4 and IL-13), or deactivating (Mdx; 10 ng/ml LPS, 100 μM dexamethasone) stimuli for 16 hours. Nitrite and LCN2 were measured in supernatants using the Griess reagent or ELISA. Mrc1 mRNA levels were determined using qRT-PCR, normalized to HPRT, and expressed as fold change relative to control cells. (B and C) Primary AMs were treated with 4 × 10 7 CFU/ml S. pneumoniae or 10 ng/ml LPS with or without defined deactivating stimuli (10 ng/ml IL-10, 100 μM dexamethasone, or 10 7 /ml ACs) for 16 hours. LCN2 (B) and KC (C) levels were quantified in supernatants using ELISA. (D and E) BMDMs were polarized with M1 (10 ng/ml LPS, 200 U/ml IFN-γ) or M2 (10 ng/ml IL-4 and IL-13), activated with 10 ng/ml LPS (Mx), or deactivated (Mdx) with 10 ng/ml LPS and 100 μM dexamethasone (D and E) or 10 ng/ml IL-10 (D) for 1, 6, and 16 hours. LCN2 (D) and IL-10 (E) levels were assessed in supernatants using ELISA. Data are presented as mean ± SEM of quadruplicates and are representative of 2 independent experiments. n.d., not detectable. **P < 0.001, # P < 0.0001 versus M0 (A; ANOVA) or S. pneumoniae or LPS alone (B and C; ANOVA).
LCN2 skews macrophages toward a deactivated phenotype. Having established that LCN2 was highly induced in deactivated macrophages, we next wondered whether LCN2, in analogy to IL-10, itself exerted immunomodulatory effects on these cells. In comparing TLR-induced responses of WT and Lcn2 -/-BMDMs or AMs, we observed that the absence of LCN2 resulted in a sustained proinflammatory immune response. Lcn2 -/-macrophages produced significantly more KC, TNF-α, and IL-6 in response to S. pneumoniae ( Figure 2 , A and B, and Supplemental Figure 2 , A and B) or the TLR2 ligand lipoteichoic acid (LTA) (Supplemental Figure  2C) . At the same time, we found the antiinflammatory response impaired, as illustrated by a diminished IL-10 response by Lcn2 -/-macrophages ( Figure 2C ). Since LCN2 modulates intracellular iron homeostasis (17) and because iron negatively affects proinflammatory immune effector pathways in macrophages (26, 27) , we excluded the possibility that differences in the iron status mediated these effects. In fact, neither the addition of deferoxamine nor of Fe(III) salts changed the KC response to S. pneumoniae by WT and Lcn2 -/-BMDMs (Supplemental Figure 2D) . We furthermore studied whether the presence of bacterial siderophores is critical for the LCN2-mediated effects on inflammation, and repeated the above-described experiments in the presence or absence of enterobactin. The addition of enterobactin did not change the deactivating effects of endogenous LCN2 on macrophages following S. pneumoniae stimulation (Supplemental Figure 2E) .
The prominent proinflammatory immune response of Lcn2 -/-macrophages suggested that LCN2 exerted antiinflammatory functions and may itself contribute to the deactivation of macrophages exposed to S. pneumoniae. To next assess the direct effect of LCN2, we treated AMs with S. pneumoniae in the presence or absence of recombinant LCN2. To exclude the possibility of modifying effects of siderophores on cellular iron homeostasis, we used LCN2 expressed in a mouse myeloma cell line, i.e., lacking enterobactin (apo-LCN2). The addition of exogenous apo-LCN2 indeed dampened the proinflammatory response while enhancing the expression of IL-10 ( Figure 2D and Supplemental Figure 2F ). We verified the dose-dependent suppressive effects of apo-LCN2 using the AM cell line MH-S, stimulated with LTA from S. pneumoniae or S. aureus or with LPS, in the presence of exogenous apo-LCN2 (Supplemental Figure 2 , G and H). Consistent with the idea of LCN2 dampening inflammation, LCN2 overexpression in RAW264.7 macrophages prevented IL-6 induction upon S. pneumoniae challenge ( Figure 2E ).
To ultimately investigate the potential impact of endogenous LCN2 on pulmonary macrophages in vivo, we infected WT and Lcn2 -/-mice with S. pneumoniae for 6 hours, isolated alveolar cells (consisting of 88% AMs and 12% neutrophils) by lavage and quanti-
Figure 2
LCN2 skews macrophages toward a deactivated phenotype. (A and C) WT and Lcn2 -/-BMDMs were treated with 4 × 10 7 CFU/ml S. pneumoniae for 1, 6, and 16 hours. Kc (A) and Il10 (C) expression was measured using quantitative RT-PCR, normalized to HPRT, and expressed as fold change compared with untreated WT cells. KC (A) and IL-10 (C) protein levels were assessed in supernatants using ELISA. (B) KC levels in supernatants of WT and Lcn2 -/-AMs stimulated with 4 × 10 7 CFU/ml S. pneumoniae for 16 hours. (D) WT AMs were stimulated with 4 × 10 7 CFU/ml S. pneumoniae ± 100 ng/ml LCN2. KC levels were assessed in supernatants after 16 hours. Il10 expression was determined after 1 hour using quantitative RT-PCR, normalized to HPRT, and expressed as fold change compared with control cells. (E) IL-6 release by RAW264.7 cells overexpressing LCN2 or GFP, treated with 4 × 10 7 CFU/ml S. pneumoniae for 16 hours. (F) WT and Lcn2 -/-mice were infected with 10 5 CFU S. pneumoniae. Alveolar cells were isolated after 6 hours by lavage, and Kc and Il10 transcript levels were quantified using quantitative RT-PCR, normalized to HPRT, and expressed as fold change relative to cells from uninfected WT animals. Data are presented as mean ± SEM of quadruplicates and are representative of 2 independent experiments. *P < 0.05, **P < 0.001, # P < 0.0001 versus WT (A-C and F; ANOVA), S. pneumoniae alone (D; t test), or GFP control (E; t test).
fied KC and IL-10 transcript levels. We found endogenous LCN2 capable of keeping alveolar cells in a deactivated state, as illustrated by increased Il10 and suppressed Kc mRNA expression upon S. pneumoniae infection in WT but not Lcn2 -/-mice ( Figure 2F ). Collectively, these overexpression, substitution, and deletion experiments illustrate that LCN2 deactivates macrophages in vitro and in vivo.
LCN2 is induced during infection in humans and mice. The finding that endogenous LCN2 deactivated AM during pneumococcal infection ( Figure 2F ) encouraged us to examine in more detail the potential function of LCN2 during pneumonia. To begin, we tested the possible induction of pulmonary LCN2, which to our knowledge had not previously been studied in patients with bacterial lung infections. Because we wanted to investigate the systemic and local, pulmonary induction of LCN2, we concentrated on mechanically ventilated patients in an intensive care unit (ICU), from whom alveolar lavage samples were made available during routinely performed bronchoscopies. We found that LCN2 concentrations in BAL and plasma were significantly enhanced in patients with confirmed bacterial pneumonia (pulmonary infiltrates in chest x-rays and bacterial CFU counts >10 4 /ml BAL; Figure 3A ). LCN2 concentrations in BAL were approximately 10-fold higher than in plasma, indicating the local production of LCN2 at the site of infection ( Figure 3A) . Notably, inhaled glucocorticoid therapy (as part of the acute treatment) increased pulmonary LCN2 levels in patients with confirmed bacterial pneumonia ( Figure 3B ), suggesting that these potent macrophage-deactivating drugs also induced LCN2 in vivo in humans. Intriguingly, we found increased LCN2 levels not only in patients with pneumonia caused by pathogens producing siderophores that are recognized by LCN2 (such as Klebsiella or E. coli), but also in patients infected with bacteria whose siderophores are not recognized by LCN2 (e.g., S. aureus) or with bacteria that do not utilize siderophores at all (e.g., S. pneumoniae) ( Figure 3C ). These findings hint at a siderophore-independent role of LCN2 during pulmonary infections.
To examine this potential siderophore-independent role of LCN2, we made use of a murine pneumococcal pneumonia model and first quantified pulmonary LCN2 concentrations upon infection. We observed a steady increase in LCN2 levels starting 6 hours after infection with S. pneumoniae (Figure 3D) . We next searched for the cellular origin of LCN2 during pneumococcal infection, and immunohistochemical stainings of lungs revealed LCN2 expression in both hematopoietic and epithelial cells 48 hours after S. pneumoniae infection ( Figure 3E ). We therefore tested LCN2 levels in primary AMs and primary respiratory epithelial cells treated with S. pneumoniae and found more pronounced mRNA and protein expression in ) and are representative of 2 independent experiments. *P < 0.05, **P < 0.001, # P < 0.0001 versus patients in the ICU without pneumonia (A; t test) or healthy subjects (C; ANOVA). (Figure 3, F-H) . Since polymorphonuclear neutrophils (PMNs) have also been reported to be cellular sources of LCN2 (13), we stained for LCN2 in neutrophils of whole lung cell suspensions obtained from mice infected with S. pneumoniae. These assays showed that all neutrophils contained preformed LCN2 in their granules at baseline, and upon progression of pneumonia the proportion of LCN2-positive PMNs gradually decreased (Supplemental Figure 3 ). These data demonstrate the importance of neutrophil-derived LCN2 and suggest that preformed LCN2 is secreted from neutrophilic granules. Considering the rapid recruitment of PMNs during pneumonia, early increments in lung LCN2 most likely originated from neutrophils. Taken together, these results indicate that pulmonary LCN2 is highly induced in the course of bacterial pneumonia in both mice and humans.
AM than in epithelial cells
LCN2 impairs bacterial clearance in vivo. Having found LCN2 to exert antiinflammatory effects and to be strongly induced during pneumonia, we next explored the biological function of LCN2 during pneumococcal pneumonia and analyzed the antibacterial response in WT and Lcn2 -/-mice. First we studied a late time point, at which the efficacy of antibacterial effector mechanisms could be appreciated by the decline in bacterial counts. By doing so, we observed significantly improved bacterial clearance in Lcn2 -/-mice compared with that in WT animals after 48 hours of infection, indicating an improved antibacterial response in the absence of LCN2 ( Figure 4A ). As a consequence of the reduced bacterial burden in Lcn2 -/-mice, we found an accelerated resolution of inflammation as evidenced by lower levels of inflammatory cytokines in the lung ( Figure 4B ) and by less severe signs of lung inflammation ( Figure 4, C and D) . We then sought to determine the respective contribution of myeloid and epithelial cells to the observed phenotype and generated bone marrow-chimeric mice in order to subject them to S. pneumoniae for 48 hours. Although we observed a tendency toward improved bacterial clearance in chimeric Lcn2 -/-mice that had been reconstituted with WT bone marrow (KO-WT mice), only mice completely lacking LCN2 in both the hematopoietic and radioresistant epithelial compartment (KO-KO mice) displayed significantly lower bacterial counts in their lungs after 48 hours ( Figure 4E ). As a consequence, bacterial dissemination ( Figure 4F ) as well as pulmonary ( Figure 4G ) and systemic cytokine formation ( Figure 4H ) were most robustly reduced in KO-KO animals. Together, LCN2 produced by both epithelial and myeloid cells was required to impair the host defense against S. pneumoniae in vivo.
LCN2 dampens the early immune response. In order to elucidate the mechanism underlying this improved host defense in the absence of LCN2, we evaluated the early (6 hours) immune response to S. pneumoniae in mice, as this early time point resembles the induction phase of inflammation that in turn determines the efficacy of the antibacterial response later on. After infecting WT and Lcn2 -/-animals with S. pneumoniae for 6 hours, we detected a significantly increased release of proinflammatory cytokines and chemokines in Lcn2 -/-animals ( Figure 5A ). The neutrophil chemoattractant KC was most impressively increased in Lcn2 -/-mice, resulting in a consecutively enhanced influx of neutrophils ( Figure 5B ). Since LCN2 has been reported to affect apoptosis (28), we excluded 
pneumoniae. (E and F) Bacterial growth was quantified 48 hours after infection in lung homogenates (E) and blood (F). (G and H) IL-6, IL-1β
, and KC levels in lungs (G) and IL-6 levels in plasma (H) were quantified using ELISA. Data are presented as mean ± SEM (n = 8 per group) and are representative of 2 independent experiments. *P < 0.05, **P < 0.001, # P < 0.0001 versus WT (A-C; t test) or WT-WT (E, G, and H; ANOVA).
the possibility that increased neutrophil numbers in the BAL of Lcn2 -/-mice resulted from altered rates of apoptosis (Supplemental Figure 4 , A-C) or from a priori differences in white blood cell counts between WT and gene-deficient animals (Supplemental Figure 4D) . Interestingly, the antiinflammatory mediator IL-10, but not TGF-β, was significantly decreased in Lcn2 -/-as compared with WT mice ( Figure 5C ). Hence, these in vivo data support our hypothesis of LCN2 being a deactivator of macrophages (Figure 2 ), as we found LCN2 to dampen the early immune response upon S. pneumoniae infection in mice. The resulting delay in the attraction of neutrophils to the site of infection in turn can explain the subsequently impaired bacterial clearance in WT mice ( Figure 4A ).
LCN2 impairs bacterial clearance in an IL-10-dependent manner.
Having observed increased IL-10 levels upon S. pneumoniae stimulation in the presence of LCN2 in vitro and in vivo (Figure 2 , C, D, and F, and Figure 5C ), we hypothesized that the antiinflammatory properties of LCN2 might depend on the induction of IL-10. To test this hypothesis, we inhibited IL-10 activity using a blocking antibody before treating BMDMs with S. pneumoniae and LCN2. Indeed, IL-10 neutralization completely abolished the inhibitory effects of LCN2 ( Figure 6A ), confirming that LCN2 required IL-10 to suppress KC releases. In agreement with this, macrophages deficient in STAT3, the major downstream transcription factor of IL-10, did not display reduced KC releases in the presence of exogenous LCN2 ( Figure 6B ). Having established that LCN2 dampens inflammation in a largely IL-10-dependent manner, we next wondered whether LCN2 directly affected transcription of Il10 mRNA. Using RAW264.7 macrophages stably overexpressing LCN2, we discovered enhanced baseline Il10 promoter activity that was significantly augmented following stimulation with S. pneumoniae ( Figure 6C ), indicating that LCN2 enhanced Il10 transcription, especially in the presence of bacteria. In accordance, BMDMs treated with exogenous LCN2 in the absence of bacteria did not induce IL-10 release, whereas LCN2 enhanced the production of IL-10 in a dose-dependent manner when concomitantly stimulated with S. pneumoniae ( Figure 6D ). To summarize, we found that LCN2 deactivates macrophages through an IL-10/STAT3-dependent mechanism via the induction of IL-10 in the presence of bacteria.
Because the in vitro antiinflammatory properties of LCN2 were mediated via IL-10 ( Figure 6, A and B) , and considering the detrimental effects of IL-10 during pneumococcal pneumonia (29, 30) , we hypothesized that LCN2 might dampen inflammation and thus impair the host defense to S. pneumoniae via induction of IL-10 in vivo. To examine this idea, we blocked IL-10 in WT and Lcn2 -/-animals that were infected with S. pneumoniae for 48 hours. Consistent with previous data (Figure 4A ), Lcn2 -/-mice treated with isotype Ab cleared S. pneumoniae from their lungs more efficiently than their WT counterparts ( Figure 6E ). In agreement with earlier reports (29) , blocking of IL-10 decreased bacterial counts in WT animals, while no significant change was observed in Lcn2 -/-mice. Of note, application of the anti-IL-10 Ab completely abolished the differences in pulmonary and systemic bacterial clearance between WT and Lcn2 -/-animals ( Figure 6 , E and F) and accelerated the resolution of inflammation ( Figure 6G ). In conclusion, our results confirm that LCN2 impairs bacterial clearance in a largely IL-10-dependent manner in vivo.
LCN2 exerts detrimental effects during pneumococcal pneumonia in mice and humans. The improved bacterial clearance in the absence of LCN2 suggested that LCN2 might negatively affect the outcome of pneumococcal pneumonia. To test this hypothesis we infected WT and Lcn2 -/-mice with S. pneumoniae and monitored survival over 7 days. While 70% of Lcn2 -/-mice recovered, more than 90% of WT mice succumbed to the infection ( Figure 7A ). In accordance with these murine data, high LCN2 levels were indicative of an adverse clinical outcome in the BAL of patients in the ICU who were suffering from pneumonia caused by Gram-positive bacteria (that were either siderophore independent or that produced siderophores not recognized by LCN2; Supplemental Table 1 ) but not by Gram-negative bacteria (which predominantly depended on LCN2-compatible siderophores; Figure 7B ). Of note, none of the nonsurvivors suffering from pneumonia with Gram-positive bacteria received inhaled glucocorticoids. Taken together, these data strengthen the hypothesis that LCN2 exerts detrimental effects during pneumococcal pneumonia in mice and indicate that enhanced pulmonary LCN2 levels in humans suffering from pneumonia with Gram-positive bacteria are predictive of a poor outcome.
Discussion
Deactivated macrophages are characterized by downregulation of proinflammatory cytokines and upregulation of IL-10 (10). Compared with M1 or M2 polarized cells, the precise functions of deactivated macrophages are still poorly understood, and even less is known about their biological role during infections. Here, we identified LCN2 as a novel marker and mediator of deactivated macrophages in mice. Our studies illustrate that the presence of LCN2 was associated with macrophage deactivation in the lungs, which resulted in an impaired immune response to the clinically important pathogen S. pneumoniae. Mechanistically, we found IL-10 to mediate the antiinflammatory effects of LCN2 upon infection.
Among the macrophage subsets we studied, the highest LCN2 levels were released by AMs, and AMs were the only cells in which IL-10 further enhanced the synthesis of LCN2. Since AMs are the only macrophage subset that is constantly exposed to environmental microbes, tight control of its activation status is required. Our data suggest an essential role for LCN2, which is consistent Neutrophil influx was determined using differential cell counts of cytospin preparations. Data are presented as mean ± SEM (n = 8 per group) and are representative of 2 independent experiments. *P < 0.05, **P < 0.001 versus WT (t test).
with the homeostatic and antiinflammatory role of AMs (7) and the important regulatory function of IL-10 in the lungs (31) . Although our findings indicate that LCN2 preferentially affects the function of AMs, it is tempting to speculate that other antiinflammatory macrophage subsets might also respond to IL-10/ LCN2 induction. Potential candidates include intestinal myeloid regulatory cells (Mregs), given the importance of IL-10 in intestinal homeostasis (32) , and also tumor-associated macrophages, since LCN2 was found to be significantly elevated in the plasma of tumor-bearing mice (33) . In fact, while this manuscript was in preparation, Jung et al. reported that IL-10 induced LCN2 in human macrophages (34) . By keeping breast cancer cells in either conditioned medium from IL-10-stimulated macrophages or medium containing exogenous LCN2, an enhanced growth rate of tumor cells was observed. This led the authors to argue that IL-10-induced LCN2 might play a role in tumor-associated macrophage biology (34) . These data strengthen our observation of LCN2 as a mediator of deactivated macrophages and extend these findings to human cells. In contrast to the findings of Jung et al. (34) , we only identified LCN2 induction following stimulation of macrophages with IL-10 in the presence of bacterial TLR ligands, while IL-10 alone did not induce LCN2. In addition to IL-10, we established dexamethasone to be a major inducer of LCN2-associated macrophage deactivation. In support of our results, an expression profiling study done with murine splenic dendritic cells revealed a strong synergistic effect of dexamethasone and LPS on LCN2 expression (35) . The interesting fact that inhalative glucocorticoids enhanced LCN2 levels in BAL from patients with pneumonia extends these findings to humans, as it supports the idea that pulmonary macrophages also express LCN2 in humans. Based on our data and published reports, we postulate that LCN2 secretion is specifically restricted to IL-10 or dexamethasone-associated macrophage deactivation. In support of this notion, published reports illustrate that LCN2 is not induced in M1-or M2-polarized macrophages (36) , and is even downregulated in regulatory macrophages that were generated in the presence of immune complexes (37) .
Besides the interference with siderophore-dependent bacterial iron acquisition (14, 38) , LCN2 was shown to influence cellular processes such as mammalian iron homeostasis (17, 39) , apoptosis (28, 40) , or inflammatory responses (24, 41) . In accordance with our data, Zhang et al. reported that LCN2 reduced the LPStriggered induction of cytokines by RAW264.7 macrophages (24) . During completion of this manuscript, another group reported enhanced levels of LPS-induced proinflammatory cytokines secreted by LCN2-deficient peritoneal macrophages and BMDMs as compared with WT cells (42) . However, in contrast to our data, this report also showed increased IL-10 releases by Lcn2 -/-peritoneal macrophages, which might be due to differences specific to macrophage subset or the fact that we focused on S. pneumoniae. In contrast to observations in macrophages, LCN2 was found to augment IL-8 releases by human lung epithelial cells and neutrophil influx when triggered by the bacterial siderophore (aferric) enterobactin (23, 41). We did not observe any proinflammatory effect when incubating murine macrophages with aferric enterobactin in the presence of endogenous LCN2 (data not shown). In conjunction with our findings of an antiinflammatory role of LCN2 described here, these reports suggest that LCN2 exerts proinflammatory effects only in the presence of bacteria that release enterobactin, but not in response to bacteria that lack siderophores, such as S. pneumoniae. The idea that LCN2 modulates inflammation and scavenges ferric siderophores might explain why the upper respiratory tract is protected from colonization with bacteria releasing enterobactin and is in agreement with the recent observation that the lung microbiome is indeed constituted predominantly of bacteria lacking Lcn2-compatible siderophores (43) . The presence of pulmonary LCN2 per se could concurrently explain the dominance of LCN2-resistant bacteria such as S. pneumoniae or Haemophilus influenzae as causative pathogens of pneumonia. Klebsiella pneumoniae, another relevant lung pathogen that depends on enterobactin-like siderophores, evolved LCN2-resistant strains to evade LCN2-mediated growth inhibition (44) .
The question remains as to why host cells induce LCN2 upon infection with siderophore-independent bacteria like S. pneumoniae. Because we found that LCN2 induction followed the initial release of IL-10 by macrophages, we postulate that LCN2 might provide a means to prevent overwhelming inflammation and to promote tissue repair after clearance of infectious pathogens. Neutrophils that released substantial amounts of LCN2 late in infection might additionally contribute to the dampening of the immune response and resolution of inflammation through the proposed mechanism, which is in accordance with the recent finding that neutrophils regulate inflammation (45) . This pathway might prove safe in uncomplicated infections and even contribute to resolution, which is supported by a report demonstrating a proregenerative function for LCN2 in a model of renal ischemia-reperfusion injury (46) . However, in patients in the ICU with severe pneumonia who require mechanical ventilation, elevated LCN2 levels may be a result of an exaggerated immune response to higher bacterial concentrations. In this setting, elevated LCN2 might deactivate macrophages and in turn prevent efficient bacterial clearance and aggravate the disease. In agreement with this hypothesis, we observed a tendency for a worse outcome during severe pneumonia with Gram-positive bacteria in patients in the ICU with elevated LCN2 levels in BAL, although the number of patients we examined in this pilot study was certainly too low to draw definitive conclusions. Corticosteroids can further enhance LCN2 formation and macrophage deactivation, which is undesirable for the clearance of viable bacteria. Since we found that inhaled corticosteroids enhanced LCN2 levels in patients in the ICU with bacterial pneumonia, the use of these drugs might be harmful during severe infections with pathogens that do not produce siderophores recognizable by LCN2. Thus, LCN2 appears to play a significant role in the course of S. pneumoniae pneumonia, and evaluating LCN2 in human BAL may provide significant information on the course of the infection or the necessity to adjust therapy. with the virus containing supernatants from HEK cells and successfully transfected, and GFP-expressing cells were sorted using flow cytometry. For more details, see Supplemental Table 1 . LCN2-expressing and GFP control cells were then transiently transfected with IL-10 promoter firefly luciferase (56) (pGL2B, -1,538/+64; Addgene) and renilla luciferase (Promega) using the Amaxa Nucleofector Kit (Lonza) according to the manufacturer's instructions. Cells were stimulated 24 hours later with S. pneumoniae, and luminescence was assessed after 24 hours. Data are presented as RLU after correction for Renilla.
Flow cytometry. Lungs were perfused through the heart with PBS, cut into pieces, and placed in RPMI-1640 containing 5% FCS, collagenase I (Invitrogen), and DNase I (Sigma-Aldrich) for 1 hour at 37°C. Single-cell suspensions were obtained using a glass homogenizer (Kontes Scientific Glassware/Instruments), followed by passage through 70-μm and 40-μm cell strainers (BD). Cells were counted and 10 6 cells/ staining were used. Unspecific binding was blocked using mouse IgG (6 μg/staining; Invitrogen). Cell surface markers were stained in PBS containing 2% FCS. The following antibodies were used: Horizon V500 conjugated anti-CD45 (30-F11; BD), FITCconjugated anti-Ly6G (1A8; Biolegend), and Alexa Fluor 700-conjugated anti-CD11b (M1/70; eBioscience). The viability of cells was assessed using Fixable Viability Dye eFluor 780 (eBioscience) according to the manufacturer's instructions. Intracellular stainings were performed using the Fix&Perm kit (An der Grub Bio-Research) using the following antibodies: anti-LCN2 (228418 [R&D]; coupled to N-hydroxysuccinimide biotin [Calbiochem] in 0.1 M NaHCO3 buffer, pH 7.8), biotin-conjugated rat IgG2a (LO-DNP-16; Caltag), and PE-conjugated streptavidin (eBioscience). For assessment of apoptosis, thymocytes or BAL cells were washed twice with PBS and stained for FITC-conjugated Annexin V and 7-amino-actinomycin D (7-AAD) (both BD) in Annexin V-binding buffer according to the manufacturer's instructions.
Generation of ACs. To generate ACs, the thymi were isolated from 4-to 5-week-old C57BL/6 mice and passed twice through a cell strainer. The cells were treated with 10 μM etoposide (Sigma-Aldrich) for 5 hours, and the percentage of ACs was assessed using flow cytometry. The cells were thoroughly washed to remove etoposide before being used for stimulations.
Statistics. Data are expressed as mean ± SEM. 2-group comparisons were made using an unpaired t test; for more than 2 groups, 1-way ANOVA was used, followed by Bonferroni multiple comparisons test or Kruskal-Wallis test combined with Dunn's multiple comparison test, depending on the distribution of the data (parametric or nonparametric, respectively). Survival data were analyzed using the Kaplan-Meier and log-rank statistic. A P value less than 0.05 was regarded as statistically significant.
Study approval. The human study was approved by the Institutional Review Board of the Medical University of Vienna; written informed consent was obtained from conscious participants prior to enrollment or after regaining consciousness (according to regulations by Austrian law). All animal experiments were approved by the Institutional Review Board of the Medical University of Vienna and the Ministry of Sciences (BMWF-66.009/0318-II/10b/2008).
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